The magnetic anisotropy of epitaxial spinel ferrite CoFe 2 O 4 films grown on SrTiO 3 substrates by pulsed laser deposition can be reoriented by inserting a thin SrRuO 3 buffer layer. Without SrRuO 3 , the CoFe 2 O 4 films show a uniaxial anisotropy with the easy axis perpendicular to the film plane, while inserting a SrRuO 3 buffer layer results in the switching of the easy axis into the in-plane orientation. This is associated with a tensile and a compressive strain for the films without and with buffer layer, respectively, which is also correlated with the different density of interfacial misfit dislocations. As a result, the ferrite films can be effectively tailored by using SrRuO 3 .
Introduction
Spinel ferrite CoFe 2 O 4 has been intensively investigated for its wide range of applications such as magnetorestrictive sensors, microwave devices, biomolecular drug delivery and electronic devices, due to its large magnetocrystalline anisotropy, chemical stability and unique nonlinear spin-wave properties [1] [2] [3] [4] [5] . It has also been considered as an important component for multiferroic multilayers or composites. In particular, when combined with ferroelectric BaTiO 3 or BiFeO 3 [6, 7] , the composite films form self-assembled CoFe 2 O 4 nanopillars inside the ferroelectric matrix and exhibit considerably large magnetoelectric coupling. As cobalt ferrite exhibits a large magnetorestriction, many investigations were focused on the strain-magnetoanisotropy relations in epitaxial films, in order to modify their magnetic properties for specific applications [8] [9] [10] [11] . The tailoring of anisotropy in epitaxial CoFe 2 O 4 films can also be achieved by a prolonged postannealing [9] , using different epitaxial substrates [4] , as well as by varying the film thickness and growing temperatures [10, 11] , which can either change the strain status or introduce a cation redistribution of cobalt. In this paper, we report a complete switching of the magnetic anisotropy axis in epitaxial CoFe 2 O 4 films on SrTiO 3 substrates by inserting a thin SrRuO 3 buffer layer. The structure-property relations have been carefully analysed, and the underlying unique strain relaxation mechanisms have been revealed.
Experimental
Pulsed laser deposition (PLD) was conducted using a KrF excimer laser at a wavelength of 248 nm and a repetition rate range of 5 Hz. A laser energy density of 1.7 around J cm −2 was employed. The distance between the substrate and the target was 5 cm. Pure oxygen was used during deposition at a pressure of 0.05 mbar, and the substrate temperature used is 550
• C. The CoFe 2 O 4 film thickness amounted from 100 to 150 nm, corresponding to an average deposition rate of ∼5 nm min −1 . The buffer layer of SrRuO 3 was deposited prior to the CoFe 2 O 4 film growth at a laser repetition rate of 5 Hz and energy of 1.0 J cm −2 , in oxygen pressure of 0.14 mbar and at a temperature of 575
• C. The crystal structure has been characterized by XRD θ -2θ scans and reciprocal space mappings (RSMs), performed using a Philips X'Pert MRD diffractometer with Cu Kα radiation. Magnetic properties have been characterized by a vibrating sample magnetometer (Lakeshore 735) and a home-made torquemeter. A MFM was used to image the magnetic domains (SPM, DI 5000). Transmission electron microscopy (TEM) investigations were conducted by a Philips CM20T at a voltage of 200 kV and Jeol 4010 high resolution TEM at a voltage of 400 kV. The samples for TEM were thinned using mechanical and ion-beam based standard methods.
Results and discussions
CoFe 2 O 4 thin films were grown on SrTiO 3 (0 0 1) substrates with and without a SrRuO 3 buffer layer at various temperatures and oxygen pressures. Epitaxial CoFe 2 O 4 films were obtained at 550
• C and an oxygen pressure of 0.05 mbar, as confirmed by XRD 2θ and -scan. Figures 1(a) and (b) show room temperature hysteresis loops for epitaxial films without and with a buffer layer, respectively. For the CoFe 2 O 4 film on bare SrTiO 3 ( figure 1(a) ), an out-of-plane hysteresis loop with a coercive field of 3.7 kOe was observed, while a much slimmer loop with a smaller coercivity of around 1.3 kOe was found along the in-plane direction. This indicates that the easy axis is likely orientated along the out-of-plane direction. Both loops show shearing induced by demagnetization, in which a linear increase was found in a higher field without saturation up to 1.5 T. The remanent in-and out-of-plane magnetizations are 133 emu cm −3 and 108 emu cm −3 , respectively. When applying a thin buffer layer (∼20 nm) of SrRuO 3 , a completely different magnetic behaviour appears ( figure 1(b) ). The outof-plane loop becomes very slim and does not saturate at a field as high as 1.5 T, close to a reversible loop. In contrast, a rather square-shaped saturated loop can be observed along the in-plane direction. The remanent magnetization and coercive field in the direction parallel to the film were measured to be 253 emu cm −3 and 3.4 kOe, respectively. This is more or less similar to the Stoner-Wohlfarth model of an orientated uniaxial anisotropy [12] where the easy axis is in-plane and the hard axis is normal to the film surface. To further confirm the anisotropy, torque measurements at a constant field rotating from the in-plane to the out-of-plane direction were also conducted, as plotted in figures 1(c) and (d). The torque curves show a uniaxial anisotropy for both the films, in which two peaks and valleys can be observed over 360
• for each of the torque curves. They show an apparent rotational hysteresis loop at 0
• for CoFe 2 O 4 on the substrate and at 90
• for COFe 2 O 4 with a buffer layer, indicating that the anisotropy field is larger than the external field, and the direction of the easy axis lies along 90
• for the former and 0
• for the latter, respectively. No secondary kinks appear, speaking in favour of a pure uniaxial anisotropy. The insertion of the SrRuO 3 buffer layer has completely reversed the easy and hard axis. Similar reorientation of magnetic anisotropy can also be found in films as thin as ∼40 nm (figures 1(e) and (f )), in which more or less obvious in-plane and out-of-plane easy axis were observed for the thinner films without and with SrRuO 3 , respectively, indicating convincingly that the observed reversal of magnetoanisotropy is triggered by inserting the buffer layer.
A reorientation of the anisotropy has previously been observed in CoFe 2 O 4 /MgO [11] , in which an increase in the film thickness above a critical value (∼400 nm) induces a reorientation of the easy axis from the out-of-plane to the in-plane direction. The change in magnetization was explained on the basis of a relaxation in interfacial strains, in which the strain-induced magnetorestriction significantly affects the magnetic anisotropies of the CoFe 2 O 4 films. To further examine the strain state of the CoFe 2 O 4 films, high resolution XRD and reciprocal space mapping have also been conducted. Figure 2 (a) shows the θ-2θ diffraction patterns for both films, which display an apparent shift in the CoFe 2 O 4 (0 0 4) peak towards a lower angle for the film with a buffer layer, indicating an elongation of lattice parameter c. Reciprocal space maps close to the SrTiO 3 (2 0 4) diffraction (along k and K ⊥ ) for both films are shown in figures 2(b) and (c). Here, k and K ⊥ are the reciprocal coordinates with reciprocal lattice unit (r.l.u) of λ/2d, where λ is the x-ray wavelength and d is the lattice plane spacing. Only a single CoFe 2 O 4 spot can be observed, indicating that the film is either tetragonally distorted or has a pseudocubic structure. For reference, we have drawn a long straight line as a guide to the eye, assuming a cubic structure (a = c). If a > c, the centre of the CoFe 2 O 4 diffraction spot is located to the right of the line (i.e. at larger k ); if c < a, the spot is located to the left of the line (i.e. at lower k ). By carefully examining the location of the centre of the diffraction spots, we found an apparent difference in lattice distortion (c < a for the film without SrRuO 3 and c > a for the film with SrRuO 3 ). This indicates a tensile in-plane strain for the film without a buffer layer and a compressive in-plane strain for the film with a buffer, which can explain the observed reorientation of the magnetic anisotropy. By the combination of both symmetric (θ -2θ scan) XRD (figure 2(a)) and other asymmetric (ω-2θ mapping) diffraction, both CoFe 2 O 4 lattice parameters a (in-plane parameter) and c (out-of-plane parameter) were calculated (without SrRuO 3 : a = 8.41 Å, c = 8.35 Å; with SRO: a = 8.34 Å, c = 8.44 Å, compared with bulk CoFe 2 O 4 c = a = 8.39 Å [13] ). According to a method previously used [11, 14, 15] , the contributions of the anisotropy energy from magnetorestriction calculated from the strain are −1.0 × 10 6 J m −3 and 1.7 × 10 6 J m −3 , respectively, which are large enough to reorientate the anisotropy axis, where the positive and negative signs of energy correspond to the in-plane and out-of-plane anisotropy energy, respectively. Other factors such as shape and cubic anisotropy (crystalline anisotropy) may also contribute to the magnetoenergy, but they are much smaller compared with such high magnetorestrictive energy which dominates the magnetoanisotropy [11] . Similar tensile and compressive in-plane strain were also identified from the reciprocal mapping of the thinner films (∼40 nm) as shown in figures 2(d) and (e)). The tensile strain in the thinner CoFe 2 O 4 /SrTiO 3 film is more obvious than that in the thicker film, which also contributes to the observed larger out-of plane anisotropy. This also indicates that the different magnetoanisotropies are associated with the variation of strain states by the buffer layer.
To further understand the strain relaxation mechanism, a TEM cross-section study was conducted. This observation can be discussed in terms of semicoherent-type interfaces [18] , which are characterized by coherent regions separated by nearly periodically spaced misfit dislocations. The misfit strain is primarily released by the misfit dislocation, while the small unbalanced residual misfit planes are related to the observed remaining strain in the CoFe 2 O 4 film. A lower density of interfacial dislocations is related to a compressive in-plane strain in CoFe 2 O 4 /SrRuO 3 , while a higher density of dislocations corresponds to a tensile in-plane strain in CoFe 2 O 4 /SrTiO 3 . The inserted buffer layer leads to a crossover from tensile to compressive strain and simultaneously alters the density of dislocations, and finally results in a switching in magnetic anisotropy. We also found in a separate study that the magnetic properties greatly depended on film thickness, deposition temperatures, surface morphology and types of substrates. However, the strong strain-anisotropy correlation can still be found, as the magnetorestrictive energy plays the most essential role among other factors. As previously discussed, a similar correlation between strain state and switching of magnetoanisotropy can also be observed in thinner films, which further confirms our conclusion that the reason for the observed magnetic anisotropy reversal is due to variation of the lattice strain states.
However, the mechanism for the unexpected tensile strain in the CoFe 2 O 4 /SrRuO 3 interface is still unclear although it is found to be strongly related to the density of the interface misfit dislocations. The occurrence of the unexpected in-plane tensile strain may be due to a complex thermodynamic process involving elastic, surface, interfacial energies, etc [19] . One possible explanation may also be from the different thermal expansion rates between the substrate and the film during the cooling process, where an extra tensile stress on the CoFe 2 
Conclusion
A strain-induced switching of the magnetic anisotropy has been observed in CoFe 2 O 4 films on SrTiO 3 substrates triggered by inserting a thin SrRuO 3 buffer layer. Without SrRuO 3 , the CoFe 2 O 4 is under a small in-plane tensile strain (c < a) and this results in an out-of-plane anisotropy with the easy axis lying along the direction perpendicular to the film plane. With SrRuO 3 , the CoFe 2 O 4 film shows compressive in-plane strain (c > a) and an in-plane magnetic anisotropy with the easy axis aligned along the in-plane direction. The different strain states are associated with the misfit dislocations in the interfaces for both films which relax the greater part of the misfit strain, while the residual unbalanced misfit different strain states are correlated with the observed compressive and tensile strain for the respective films. This also leads to a further tailoring of magnetism of CoFe 2 O 4 films by adjusting their strain states. 
